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INTRODUCTION
Integration of the HIV genome into the

host cell chromosome is a central event
in the viral replication cycle (1). The viral
integrase enzyme (IN), which integrates
the viral cDNA into the host chromo-
some, is one of the key components of
the pre-integration complex (PIC) (2). In
addition to the IN, the cellular protein
lens epithelium-derived growth factor
(LEDGF/p75), also was shown to be re-
quired for promoting integration of the
viral DNA (3,4). The contribution of
LEDGF/p75 to the tethering of IN to the
host chromatin, and thus to the whole in-
tegration process, has been demonstrated
by the dramatic decrease in HIV-1 repli-
cation in siRNA LEDGF/p75-knockdown
cells (5–8).

Only a small percentage of the cDNA
molecules become part of the chromoso-

mal DNA, leaving the large majority as
unintegrated copies (9,10). In some cases,
the level of non-integrated HIV DNA can
reach up to 99% of total viral DNA (10).
A quantitative estimation of integration
revealed that out of a total of 15 to 21
copies of cDNA, only one or two mole-
cules are integrated per cell (9). Why the
number of integration events is that low
remains an enigma. It may be that, in ad-
dition to the stimulatory LEDGF/p75
protein, the integration process is sub-
jected to inhibition by another regulatory
factor. Our recent data suggest that this
factor may be the viral Rev protein
(11,12).

The Rev protein is known to promote
nuclear export of singly spliced and un-
spliced viral RNA in the late phase of
viral infection (13). However, it was well
established that Rev is also transcribed

during the early phase of infection before
integration of the viral DNA, namely
from unintegrated DNA, which has the
capacity to synthesize all classes of viral
transcripts (14–18). Recently, it also has
been clearly demonstrated that the
amount of Rev transcribed from the un-
integrated DNA can reach up to 70% of
that transcribed by the integrated DNA
(18). We have proposed recently that an
early transcribed Rev interacts with IN,
thereby decreasing the degree of integra-
tion (16). The ability of Rev to inhibit the
integration of cDNA in vivo was con-
firmed further by experiments showing
that infection of cultured cells by Rev-
 deficient HIV results in a relatively high
number of integration events (about 10
integrations/cell) (16). On the other
hand, practically no integration was ob-
served when Rev-expressing cells were
infected with wild type (WT) HIV (16).
Thus, in addition to its function in the
late phase of replication, Rev may play a
central role in inhibiting/ regulating the
integration process (16).

In the present work, we studied the
functional relations between the stimula-
tory LEDGF/p75 and the inhibitory Rev
proteins. Based on in vitro quantitative
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experiments as well as on coimmunopre-
cipitation (co-IP) of virus-infected cells,
we suggest that Rev can remove the
LEDGF/p75 protein from its association
with IN, resulting in the formation of
two complexes: the non-active Rev-IN
(11) and the as-yet-unobserved complex
between viral Rev and the cellular
LEDGF/p75. We conclude that integra-
tion of viral cDNA is regulated by the in-
terplay between the viral IN and Rev
proteins and the cellular LEDGF/p75
protein.

MATERIALS AND METHODS

Cells
Monolayer adherent HEK293T cells,

HEK293T cells overexpressing Rev
(Rev10+ cells) and HeLa MAGI cells
(TZM-bl) (19,20) were grown in Dul-
becco’s modified Eagle’s Medium
(DMEM, Biological Industries, Beit
Haemek, Israel). The T-lymphocyte cell
lines Sup-T1 and H9 were grown in
RPMI 1640 medium (Biological Indus-
tries). Cells other than the Rev10+ cells
were provided by the NIH Reagent Pro-
gram, Division of AIDS, NIAID, NIH,
Bethesda, MD, USA. Cells were incu-
bated at 37°C in a 5% CO2 atmosphere.
All media were supplemented with 10%
(v/v) fetal calf serum, 0.3 g/L L-gluta-
mine, 100 U/mL penicillin and 100
U/mL streptomycin (Biological Indus-
tries). HeLaP4/ shp75Cl15 cells, a gener-
ous gift of Z Debyser (Molecular Medi-
cine, KU Leuven, Flanders, Belgium),
were grown as described previously (4).
Rev10+ and LEDGF/p75-knockdown
Rev-expressing cells were generated by
transfection into HEK293T and
HeLaP4/shp75Cl15 cells, respectively
(21) with pcDNA3.1 plasmid bearing the
full Rev.

Viruses
WT HIV-1 (HXB2) (22) and ΔEnv (23),

as well as the IN mutant D64N D116N
(24), were generated by transfection
into HEK293T cells (21) of the virus-
 containing plasmid or cotransfected with
a plasmid containing VSV-G (11). ΔRev

pLAIY47H2 (25) and Rev M10 (26) HIVs
were generated by transfection into
Rev10+ cells. Viruses were harvested and
stored as described in (11). The
pLAIY47H2 (25) viruses were a generous
gift from B Berkhout (Department of
Human Retrovirology, Academic Medical
Center, University of Amsterdam, The
Netherlands), and the IN mutant D64N
D116N virus was a generous gift from A
Engelman (Department of Cancer Immu-
nology and AIDS Dana-Farber Cancer
Institute and Division of AIDS, Harvard
Medical School, Boston, MA, USA).

Infection of Cultured Cells
Cultured lymphocytes were infected

exactly as described in (11). Cultured
HEK293T cells, Rev10+ cells and HeLa
MAGI cells (TZM-bl) were grown for
24 h before infection, then the medium
was discarded and cells were incubated
at different multiplicity of infections
(MOI) with the indicated virus for 2 h at
37°C. Cells were washed three times
with PBS and incubated in DMEM.

Peptide Synthesis and Purification
Peptides were synthesized on an Ap-

plied Biosystems (ABI) 433A peptide
synthesizer (Applied Biosystems Inc.,
Foster City, CA ,USA) and purification
was  performed on a Gilson HPLC using
a  reverse-phase C8 semipreparative col-
umn (ACE, Advanced Chromatography
Technologies, London, UK) as described
 previously (11).

Protein Expression and Purification
Expression and purification of

 histidine- tagged Rev-GFP were per-
formed (27). The histidine-tagged IN
and LEDGF/p75 expression vectors
were a generous gift from A Engelman
and their expression and purification
were performed with modifications as
described previously (28,29). GST-Tat
was expressed and purified as described
previously (30).

ELISA-Based Binding Assays
Protein-peptide, protein-protein and

protein-DNA binding was estimated

using an enzyme-linked immunosorbent
assay (ELISA)-based binding assay ex-
actly as described previously (31). Briefly,
Maxisorp plates (Nunc) were incubated
at room temperature for 2 h with 200 mL
of 10 μg/mL synthetic  peptide/
recombinant protein in carbonate buffer.
After incubation, the solution was re-
moved, the plates were washed three
times with PBS, and 200 μl of 10% BSA
(Sigma) in PBS (w/v) was added for 2 h
at room temperature. After rewashing
with PBS, tested BSA- biotinilated (Bb)
peptide or protein (alone or biotinilated)
or biotinilated DNA were added for fur-
ther incubation for 1 h at room tempera-
ture. Following three washes with PBS,
the concentration of bound molecules
was estimated after the addition of
 streptavidin- horseradish peroxidase
(HRP) conjugate (Sigma, St. Louis, MO,
USA), as described previously (32), or of
anti-GFP mouse antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA)
which then interacted with rabbit anti-
mouse IgG antibody conjugated to HRP.
The enzymatic activity of HRP was esti-
mated by monitoring the product’s opti-
cal density (OD) at 490 nm using an
ELISA plate reader (Tecan Sunrise,
Mannedorf, Switzerland). Each measure-
ment was performed in duplicate. For
dissociation from and binding to a com-
plex after binding of the first protein to
the Maxisorp plate, the binding partner
was incubated for 1 h at room tempera-
ture and, after three washes with PBS,
the dissociated component was added,
and its binding to the complex, as well
the amount of remaining bound com-
plex, was estimated separately as de-
scribed above.

In vitro IN Activity Assay
Quantitative determination of IN ac-

tivity was performed exactly as de-
scribed previously (12) using a previ-
ously described assay system (33,34).

Plasmids Construction
All of the plasmids used in this study

were constructed exactly as described
previously (12). The coding sequences
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for full length HIV-1 IN, Rev, LEDGF/
p75 and Tat were amplified by PCR and
inserted in-frame into the corresponding
sites of the GN- and GC-linkers (12).

Bimolecular Fluorescence
Complementation (BiFC)

The above-described plasmids were
transformed into the yeast strain EGY48
(Clontech) and the subsequent steps, in-
cluding visualization by confocal micro-
scope (MRC 1024 confocal imaging sys-
tem, Bio-Rad), were as described
previously (12,35).

Study of in vivo Protein-Protein
Interactions by co-IP

The coimmunoprecipitation (co-IP)
experiments were conducted essentially
as described previously (36) with sev-
eral modifications. Briefly, cells were in-
fected with a MOI of 15 for the indi-
cated viruses. Cells were harvested at
different times post infection (PI),
washed three times in PBS and lysed by
the addition of PBS containing 1% (v/v)
Triton X-100 for whole-cell lysate. Cyto-
plasm, nuclei and PIC were isolated as
described below. Half of the lysate or
the isolated fraction was subjected to
SDS-PAGE and immunoblotted with ei-
ther a monoclonal anti-Rev antibody
(α-Rev) (37) or antiserum raised against
IN amino acids 276-288 (α-IN) (NIH
AIDS Research and Reference Reagent
Program catalog 758), or anti-LEDGF/
p75 (α-LEDGF/p75) (R&D Systems,
Minneapolis, MN, USA) or anti-actin
(α-actin) antibody (Santa Cruz Biotech-
nology), and the complementary HRP-
conjugated secondary antibodies (Jack-
son ImmunoResearch Laboratories Inc.,
West Grove, PA, USA).

The remaining lysate or isolated frac-
tions were incubated for 1 h at 4°C with
either the α-Rev, α-IN, α-LEDGF/p75 or
α-actin antibodies. Following a 3-h incu-
bation with protein G-agarose beads
(Santa Cruz Biotechnology) at 4°C, the
samples were washed three times with
PBS containing 1% (v/v) Nonidet P-40.
SDS buffer was added to the samples
and after boiling and subjecting to SDS-

PAGE, the membranes were immuno -
blotted with either α-Rev, α-IN, α-
LEDGF/p75 or α-actin antibodies, and
the complementary HRP- conjugated sec-
ondary antibodies.

When peptides were used, cells were
incubated with 150 μM of the indicated
peptide for 2 h prior to infection.

Quantitative estimation of the bands
was performed by Image Gauge V3.46
software (Fujifilm, Minato-ku, Tokyo,
Japan).

Isolation of Cytoplasm, Nuclei and
PIC from Infected Cells

The various fractions were obtained
from virus-infected cells as described
previously (38) with several modifica-
tions. Briefly, cells were harvested and
washed twice in buffer A (20 mM
HEPES, pH 7.3, 150 mM KCl, 5 mM
MgCl2, 1 mM DTT and 0.1 mM PMSF).
Cells were then suspended in 200 μl of
buffer A with 0.025% (w/v) digitonin
and incubated at room temperature for
10 min. Cells were centrifuged for 3 min
at 1000g at room  temperature. The super-
natant was then centrifuged at 8000g and
separated into supernatant (cytoplasm)
and pellet (nuclei) and stored at –70°C.
For PIC isolation, an equal volume of
buffer B (20 mM HEPES, pH 7.4, 5 mM
MgCl2, 1 mM DTT and 0.1 mM PMSF)
was added to the cytoplasm fraction.
Samples were incubated for 10 min at
room temperature and then centrifuged
for 10 min at 2000g. The supernatant was
discarded and the pellet, containing the
PIC aggregates, was stored at –70°C.

Cytoplasm, Nuclei and PIC Fraction
Analysis

Cytoplasm and nuclei fractions were
analyzed by western blot as described
above. For detection of fraction specific
protein α-actin antibody (Santa Cruz
Biotechnology) and anti-histone H3 anti-
body (abcam) were used.

For the analysis of the PIC, a total
viral DNA was estimated by real time
PCR as described below as well as inte-
gration of the PIC fraction in vitro as de-
scribed previously (39).

Quantitative Analysis of Copy
Numbers of HIV-1 DNA Integrated into
the Cellular Genome

The integration reaction, as well as the
integration events, were performed ex-
actly as described previously (11).

Quantitation of Total Viral DNA
Total viral DNA was estimated using

SYBR green real-time quantitative PCR 12 h
PI, exactly as described previously (40).

Quantitative Estimation of HIV-1
Infection by Determination of
Extracellular p24

The amount of p24 protein was esti-
mated in the cell medium exactly as de-
scribed previously (12).

Immunostaining
HeLaP4/shp75Cl15 cells were grown

on chamber slides (Nunc), then infected
with ΔRev HIV-1 at a MOI of 25. Cells
were fixed 16 h PI exactly as described
previously (41) and immunostained as
described previously (41) with some
modifications. Briefly, after fixation, cells
were blocked with 5% IgG-free BSA
(Jackson ImmunoResearch Laboratories
Inc.) in PBS for 60 min. For detection of
HIV-1 IN and Rev and the host
LEDGF/p75, the cells were incubated
with 1:50 rabbit α-IN (NIH AIDS Re-
search and Reference Reagent Program
catalog 758), 1:50 rat α-Rev (37) and 1:100
goat α-LEDGF/p75 (R&D Systems) at
room temperature for 60 min each. Cells
were washed five times with PBS +
0.05% (v/v) Tween 20 between antibod-
ies. Then the cells were incubated with
the following secondary antibodies: Cy2-
conjugated anti-rat, Cy3-conjugated anti-
rabbit and Cy5-conjugated anti-goat
(Jackson) (all diluted 1:100) at room tem-
perature for 60 min each, with five
washes with PBS + 0.05% Tween 20 be-
tween antibodies. For detection of DNA,
cells were stained with DAPI according
to the manufacturer’s protocol. Slides
were prepared with Mounting Media
(Bio-Rad) and immunofluorescent cells
were detected with an Olympus confocal
microscope.
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Statistical Analysis
P < 0.05 (for real-time analysis, P <

0.01), calculated from at least three repe-
titions; error bars represent ± standard
deviation.

For further experimental details see sup-
plementary Materials and Methods. All sup-
plementary materials are available online at
www.molmed.org.

RESULTS

Viral Rev and Cellular LEDGF/p75
Proteins Interact Under in vitro
Conditions and in Yeast Cells

Both the host cell’s LEDGF/p75 and
the viral Rev have been found to inter-
act with the viral IN protein, affecting
its biological function (3,4,11,16). Using
an ELISA-based system, a Rev-LEDGF/
p75 interaction also was observed with
an apparent Kd in the low nanomolar
range, similar to that observed for the
IN-LEDGF/p75 and Rev-IN interactions
(Figure 1A, B). Owing to the relatively
low solubility (42) of recombinant Rev,
in our in vitro experiments, we have
used a Rev-GFP conjugate (27) (see Fig-
ure 1A). Specificity of the Rev-LEDGF/
p75 interaction could be inferred from
the observation that GFP alone fails to
interact with LEDGF/p75 (see Figure 1A).
The Rev and LEDGF/p75 proteins were
also able to interact within the intracel-
lular environment of yeast cells, as
shown by the bimolecular fluorescence
complementation (BiFC) experiments
depicted in Figure 1C. As can be seen,
restoration of fluorescence was observed
only in samples bearing two known in-
teracting proteins such as IN-IN (1),
Rev–Rev (13), Rev–IN (12) and IN-
LEDGF/p75 (8) (see Figure 1C), indicat-
ing the specificity of the Rev-LEDGF/
p75 interaction. Furthermore, the fact
that restoration of fluorescence demon-
strates specific protein-protein interac-
tion is strengthened by the control ex-
periments that show no fluorescence
was restored when cells were trans-
formed with the linker plasmids con-
taining only the half green florescent

protein (GFP) (N-termini half of GFP
[GN] or C-termini half of GFP [GC]) or
when such linkers were coexpressed
with Rev, IN or LEDGF/p75 conjugated
to the second half of the GFP (see Fig-

ure 1C). Also no interaction was ob-
served when a different early expressed
protein, namely Tat (15,17), was coex-
pressed with either one of those pro-
teins (see Figure 1C).

Figure 1. Interaction between the HIV Rev and the cellular LEDGF/p75 proteins under in
vitro and in vivo conditions. (A) An ELISA assay system was used to determine the 
Rev(-GFP)-LEDGF/p75, Rev(-GFP)-IN and IN-LEDGF/p75 interactions. LEDGF/p75 or IN were
bound to ELISA plate and the binding of Rev(-GFP) to LEDGF/p75 (�) or to IN (�) as well
as the binding of LEDGF/p75 to IN (�) was estimated as described in Materials and Meth-
ods. For control, the binding of the GFP to LEDGF/p75 (�) and to IN (�) were studied. (B)
Apparent Kd as calculated from the results presented in (A). (C) The BiFC method was
used in yeast cells to demonstrate Rev-LEDGF/p75 interactions. Cells were transfected
with the indicated expression vectors and, following incubation appearance of fluores-
cence, due to protein complementation, was visualized by fluorescent confocal mi-
croscopy. The Linker plasmid contains only the half GFP (GN or GC) and a linker as de-
scribed in Materials and Methods. The scale bar represents 1 μm. All other details as
described in Materials and Methods.
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Rev Promotes in vitro Dissociation of
IN-LEDGF/p75 Complex

The results in Figure 2A show that ad-
dition of the Rev-GFP conjugate to pre-

formed IN-LEDGF/p75 complex pro-
motes removal of the bound LEDGF/
p75. This disruption of the complex was
probably due to the ability of Rev to in-

teract with both LEDGF/p75 (Figure 1)
and IN (12). GFP does not interact with
either LEDGF/p75 (see Figure 1) or IN
(11). Specificity of Rev’s binding ability
also could be inferred from the observa-
tion that the HIV-1 Tat protein failed to
promote the IN-LEDGF/p75 dissociation
(see Figure 2A). On the other hand,
LEDGF/p75 did not promote dissocia-
tion of the Rev-IN complex (Figure 2B),
probably due to its lower ability to bind
that complex (Figure 2C).

Our binding experiments revealed
slightly higher affinity of the Rev protein
to the IN-LEDGF/p75 complex than to
IN alone (Figure 2D, F), while LEDGF/
p75 showed lower affinity to the Rev-IN
complex (Figure 2E, see Figure 2F). For
characterization of the domains mediat-
ing the Rev-LEDGF/p75 interaction, see
supplementary data and supplementary
Figure S1.

Rev Promotes Dissociation of the 
IN-LEDGF/p75 Complex in 
Virus-Infected Cells

Western blot analysis revealed the
presence of IN, LEDGF/p75 and Rev
within the cytoplasm and the viral PIC
in infected cells at 6 h and 16 h PI (Fig-
ure 3A). These results demonstrate that
Rev expressed from unintegrated DNA
can be translocated into the PIC as seen
previously (16). Analysis of the cyto-
plasm, nuclei and PIC fractions revealed
IN enzymatic activity of the PIC fraction
and the presence of actin only in the cy-
toplasm and chromatin only in the nuclei
fractions (see supplementary data and
supplementary Figure S2).

It also should be noted that the West-
ern blot analysis revealed (see Figure 3A)
that at early stages of viral infection (at 6
h and 10 h PI) the LEDGF/p75 protein is
present in all these three fractions but is
seen predominantly in the nuclei. At
later periods, it is localized only within
the nuclei due to its karyophilic proper-
ties (43). The cytoplasm and PIC pres-
ence of LEDGF/p75 at early stages of in-
fection may be due to its interaction with
the IN protein which is localized at these
stages in cytoplasm and within the PIC.

Figure 2. Rev promotes dissociation of the IN-LEDGF/p75 complex while the LEDGF/p75
fails to promote dissociation of the Rev-IN complex. (A) Rev-GFP conjugate (�) and Tat
(�) were added to plate-bound IN-LEDGF/p75 complex and the amount of bound
LEDGF/p75 was estimated. (B) LEDGF/p75 (�) and Tat (�) were added to plate-bound
Rev(-GFP)-IN complex and the amount of bound Rev-GFP was estimated. (C) Same as in
B but the amount of bound LEDGF/p75 and Tat was estimated. (D) Rev-GFP (�), Rev-GFP
and LEDGF/p75 (X) or Rev-GFP and Tat (�) were added to plate-bound IN and the
amount of bound Rev-GFP was estimated. (E) LEDGF/p75 (�), Rev-GFP and LEDGF/p75
(X) or LEDGF/p75 and Tat (�) were added to plate-bound IN and the amount of bound
LEDGF/p75 was estimated. (F) Apparent Kd as calculated from the changes in affinity pre-
sented in (D) and (E). All other details are described in Materials and Methods. 
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Figure 3. Rev induced disruption of the IN-LEDGF/p75 complex. (A) The presence of Rev, IN, LEDGF/p75 and Actin (control) was detected
by Western blots in cell lysates obtained from HIV-1-infected H9 lymphocytes at different times after infection using the appropriate anti-
bodies. Rev, IN, LEDGF/p75 and Actin also were precipitated from the cytoplasm, nuclei and PIC fractions obtained from HIV-1-infected
H9 lymphocytes at different times PI by the indicated specific antibodies. (B) Co-IP of Rev-IN and Rev-LEDGF/p75, but not IN-LEDGF/p75,
can be observed in Rev10+ cells. (C) Only IN-LEDGF/p75 co-IP can be observed in cells infected with ΔRev HIV-1. (D) Only Rev-IN co-IP
can be observed in LEDGF/p75-knockdown cells infected with WT HIV-1. (E) In LEDGF/p75-knockdown cells infected with ΔRev HIV-1, only
IN can be detected. (F) Co-IP of Rev-IN, IN-LEDGF/p75 and Rev-LEDGF/p75, which is observed in infected cell lysates, is interrupted spe-
cifically by pretreating the cells with 150 μM of specific peptides that contain the interaction-mediating sequences. Quantitative estima-
tion of the bands, performed by Image Gauge V3.46 software, is presented in supplementary Table 1A–F, respectively. All other details are
described in Materials and Methods.
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This is indicated by the co-IP experi-
ments demonstrating the presence of IN-
LEDGF/p75 complexes in these fractions
(Figure 3). At the later time of infection,
the increasing amounts of Rev, expressed
from unitegrated viral cDNA, promote
dissociation of the IN-LEDGF/p75 com-
plex as is evident from the co-IP experi-
ment (see Figure 3). It is our assumption
that disruption of this complex may
allow translocation of LEDGF/p75 into
the nuclei of the infected cells.

Our co-IP experiments (see Figure 3)
 revealed that a Rev-LEDGF/p75 complex
is present also in virus-infected cells. As
can be seen, Rev-LEDGF/p75 and IN-
LEDGF/ p75 complexes were present in
almost the same amounts at 10-16 h PI,
but not at 6 h PI (see Figure 3A). At 20 h
PI, the amount of IN-LEDGF/ p75 com-
plex was reduced, in parallel with an
 increase in the Rev-LEDGF/p75 com-
plex (see Figure 3A and supplementary
Table 1).

In virus-infected Rev-expressing cells
(Rev10+), the IN-LEDGF/p75 complex
could not be detected (Figure 3B). The
presence of overexpressed Rev either
may induce the dissociation or disrupt
the formation of the IN-LEDGF/p75
complex, confirming the results obtained
in vitro (Figure 2). On the other hand, the
formation of Rev-IN and Rev-LEDGF/
p75 complexes was not affected in
Rev10+ cells, as demonstrated by the co-
IP experiments (see Figure 3B).

Only IN-LEDGF/p75 complex was de-
tected in cells infected with the ΔRev
virus (Figure 3C). Correspondingly, only
Rev-IN complex was observed in LEDGF/
p75-knockdown cells (Figure 3D). As ex-
pected, no complex between IN and ei-
ther LEDGF/p75 or Rev was detected in
LEDGF/p75-knockdown cells infected
with the ΔRev virus (Figure 3E), support-
ing the validity of our experimental sys-
tem. Our experiments also demonstrated
that the formation of either Rev-LEDGF/
p75 or Rev-IN complexes does not re-
quire the presence of a functional Rev as
was demonstrated following infection
with a Rev-M10 mutated HIV (26 and
not shown).

Specific Disruption of the Rev, IN and
LEDGF/p75 Interaction by Peptides
Derived from the Interaction Domains

The use of peptides in the co-IP experi-
ments verified the specificity of the do-
mains, which mediate the Rev-LEDGF/
p75, Rev-IN and IN-LEDGF/p75 interac-
tions, as were characterized by the in vitro
binding studies (see also supplementary
data and supplementary Figure S1).

The IN-binding Rev-derived peptides,
Rev 13-23 and Rev 53-67 (12 and supple-
mentary Figure S1), failed to disrupt the
Rev-LEDGF/p75 and the IN-LEDGF/
p75 complexes but were able to disrupt
the Rev-IN complex (Figure 3F). Re-
cently, we reported the selection of two
IN-derived peptides (IN 66-80 and IN
118-128, designated INr-1 and 2, respec-
tively), which specifically interact with
the Rev protein and are able to promote
dissociation of the Rev-IN complex in
vitro (11). As can be seen in Figure 3F, in-
deed these two peptides prevented co-IP
of Rev and IN in the HIV-infected cells.
Similar to the IN binding Rev derived,
these peptides failed to disrupt the Rev-
LEDGF/p75 or IN-LEDGF/p75 com-
plexes (see Figure 3F).

On the other hand, the LEDGF/p75-
binding Rev-derived peptides, Rev 35-50
and Rev 75-84 selected in the present
work (supplementary Figure S1), were
able specifically to prevent co-IP of the
Rev-LEDGF/p75 complex (see Figure 3F).
The LEDGF/p75 derived peptides,
LEDGF 361-370 and LEDGF 402-411,
which were shown to mediate the bind-
ing of LEDGF/p75 to both IN (44) and
Rev (see supplementary Figure S1), dis-
rupted formation of the IN-LEDGF/p75
and Rev-LEDGF/p75 complexes but not
of the Rev-IN complex (see Figure 3F).

Integration of Viral cDNA Is Regulated
by the Interplay between Viral Rev
and Host-Cell LEDGF/p75 Proteins
In vitro. As previously shown (11), the

interaction of the recombinant Rev(-GFP)
protein with IN causes partial inhibition
of IN’s enzymatic activity in vitro (Fig-
ure 4A). The presence of Rev signifi-
cantly blocked the interaction between

the viral IN and its DNA substrate (Fig-
ure 4B, C). The apparent Kd of the IN-
DNA interaction increased from about
30 nM to 185 nM in the presence of Rev
(see Figure 4C). On the other hand, and
as has been observed previously (45), the
LEDGF/p75 protein stimulated IN activ-
ity (Figure 4A). The addition of both Rev
and LEDGF/p75 to IN, regardless of the
order of addition, caused further inhibi-
tion of integration above that observed
with Rev(-GFP) alone (see Figure 4A).
This is probably due to the increased
affinity of the inhibitory Rev protein to
IN in the presence of LEDGF/p75 (see
Figure 2D, F). The addition of LEDGF/
p75 slightly reduced the affinity of the
Rev-IN complex to DNA (Figure 4B, C).
Thus it is clear that even in the presence
of excess LEDGF/p75, the inhibitory ef-
fect of Rev prevails perhaps due to the
direct effect on the IN activity regardless
of its affinity to DNA. From these results,
as well as from previous ones (11,16), it
appears that both the inhibitory Rev and
the stimulatory LEDGF/p75 affect the
enzymatic activity of IN in vitro.

Cell culture. To further clarify the rela-
tions between the inhibitory Rev and the
stimulatory LEDGF/p75, we infected cells
lacking the LEDGF/p75 protein with a
ΔRev HIV. This resulted in four integra-
tion events/cell (Figure 4D). In contrast,
practically no integration was observed
when LEDGF/p75-knockdown cells with
overexpressed Rev were infected by the
WT HIV (see Figure 4D). Similarly, almost
no integration was observed when both
types of LEDGF/p75-knockdown cells
(± Rev expression) were infected by WT
HIV (see Figure 4D). Fluorescence im-
munostaining clearly demonstrated the
presence of IN within the intranuclear
space of the LEDGF/p75-knockdown
cells infected by the ΔRev virus, indicat-
ing nuclear import of IN in the absence of
LEDGF/p75 and Rev proteins (Figure 4E).

To confirm that the viruses used in the
present work are indeed infective, and to
study the correlation between infection
and cDNA intracellular integration by
the viruses used, HeLa P4 cells were in-
fected with the following viruses: WT,
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ΔRev, Rev M10 and the IN-defective
virus IN D64N D116N HIV (see Materi-
als and Methods and Figure 4D, F, G). As
expected, viral p24 was detected only in
systems in which both the integration
process occurred and a functional Rev
was present (see Figure 4F). The different
degrees of integration were not due to
variations in the amount of viral cDNA
present within the infected cells (see Fig-
ure 4G). Also, as evidenced by the results
depicted in Figure 4, the addition of AZT
completely prevented integration, as well
as the appearance of viral DNA, clearly
demonstrating the requirement for
 reverse-transcribed DNA for the ob-
served infection.

DISCUSSION

Disruption of the IN-LEDGF/p75
Interaction by Rev Inhibits the
Integration Process

Our present results clearly demonstrate
for the first time that, in addition to the
previously described interaction with viral
IN (6,8), the LEDGF/p75 protein also inter-
acts with the viral Rev. Formation of a Rev-
LEDGF/p75 complex was demonstrated in
vitro using recombinant proteins, as well as
by BiFC assay in yeast cells and by co-IP
experiments in virus-infected cells. Using
LEDGF/p75-derived peptides, we clearly
show that the same protein domains can
mediate binding of LEDGF/p75 to either
IN and Rev. (For a summary of the do-
mains which mediate the formation of the
various complexes and the ability of pep-
tides bearing these domains to disrupt
these complexes, see Figure 5A, B). There-
fore, it is not surprising that the Rev pro-
tein is able to induce dissociation of the IN-
LEDGF/p75 complex in vitro and in virus
infected cells. Interference with the forma-
tion of the IN-LEDGF/ p75 complex was
especially evident in viral Rev10+ cells:
owing to the presence of overexpressed
Rev, no IN-LEDGF/p75 complex could be
detected by the co-IP experiments. It is our
assumption that in these cells, Rev inter-
acts with LEDGF/p75 as well as with IN,
thereby preventing the IN-LEDGF/p75
 interaction and, consequently, the integra-

Figure 4. The effect of the combination of LEDGF/p75 and Rev on IN enzymatic activity in
vitro and in LEDGF/p75-knockdown cells. (A) IN (390 nM) was added to the substrate DNA
and then either LEDGF/p75, Rev-GFP or both, in the order indicated by arrows, were added,
or, as control, none of them were added (no addition) and IN enzymatic activity was deter-
mined as described in Materials and Methods. (B) An ELISA system was used to determine
binding of biotinilated DNA to plate-bound IN (�), IN + LEDGF/p75 (�), IN + Rev-GFP (�), 
IN + Rev-GFP + LEDGF/p75 (�), and IN + GFP (X) used as a control. Binding was estimated
as described in Materials and methods. (C) Apparent Kd as calculated for the results pre-
sented in (B). (D) Hela P4 (�), LEDGF/p75-knockdown (�) and LEDGF/p75-knockdown-Rev-
expressing (�) cells were infected by the indicated viruses (at a MOI of 1) and integration
events per cell were determined at 24 h PI. (E) LEDGF/p75-knockdown cells were infected
with ΔRev HIV-1, and IN (red), DNA (blue), Rev (green) and LEDGF/p75 (gray) were im-
munostained as described in Materials and Methods. Scale bar represents 10 μm. (F) Same
as (D) except that p24 production was determined at 72 h PI. (G) Same as (D) except that
viral cDNA was determined at 12 h PI. AZT was added at 2 μM. 
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tion process (see the proposed model in
Figure 5C). The central role of Rev in regu-
lating the integration process also was evi-
dent when comparing the results obtained
using LEDGF/p75-deficient cells infected
with WT and ΔRev viruses (see Figure 4D).

A Novel View of the HIV Integration
Process

Our view of the integration process of
HIV-1 cDNA, which is based on the pres-
ent as well as on previous results
(3,4,11,16) is summarized in Figure 5C.
From all these results, it appears that the
integration process is regulated by inter-
play between the viral IN, Rev and the
host-cell LEDGF/p75.

IN-LEDGF/p75 complex was observed
in the present work in the cytoplasm, nu-
clei, as well as in the PIC of HIV-infected
cells at early stages after infection, con-
firming previous observations (46,47). In
this early period, very little, if any, Rev-
IN complex could be detected. Based on
these observations, it appears that, after
infection, an IN-LEDGF/p75(-DNA)
complex is formed either within the viral
PIC or within the host cell nucleus. Po-
tentially most, if not all, of the viral
cDNA of the nuclei localized IN-
LEDGF/ p75(-DNA) complexes should
be integrated into host chromosomal
DNA. Indeed, as is demonstrated in the
present work and was observed before
(16), about 10 integration events/cell
were obtained in the absence of Rev—
following infection with a ΔRev virus.
On the other hand, only about 1 to 2 in-
tegration events/cell were obtained fol-
lowing infection with a WT virus (9,16).
These results, as well as those of a previ-
ous work (16), clearly indicate that this
limited number of integration is due to
the ability of Rev to interact with both
the IN and LEDGF/p75 proteins. It ap-
pears that the combination of these two
interactions is required to completely
block any further integration beyond the
1 to 2 integration events/ cells. It is our
assumption that this limited integration
occurs by IN-LEDGF/ p75(-DNA) com-
plexes prior to the accumulation of a
 sufficient amount of inhibitory Rev

Figure 5. Summary of the results obtained on the Rev-LEDGF/p75 interaction and a pro-
posed integration model. (A) A scheme illustrating the interacting sequences of IN (red), Rev
(green) and LEDGF/p75 (blue), as was revealed mainly by the ELISA-based assay system,
which mediate the binding between these proteins. (B) A table summarizing the abilities of
the various IN-, Rev- and LEDGF/p75-derived peptides to specifically disrupt IN-LEDGF/p75,
Rev-IN and Rev-LEDGF/p75 interactions. (C) A proposed model of the HIV-1 integration
mechanism. IN (red), LEDGF/p75 (blue), Rev (green), viral DNA (purple) and host cell DNA
(light blue). Following virus infection, LEDGF/p75 interacts with an IN (dimer)-DNA (I) complex
resulting in the formation of a IN-LEDGF/p75 (tetramer)-DNA complex in the viral PIC (II) (47).
Despite the presence of numerous IN-LEDGF/p75 (tetramer)-DNA complexes, only 1 to 2
copies of the viral DNA are integrated into the host chromosomal DNA (III). Most of the IN-
LEDGF/p75 complexes are dissociated by increasing amounts of transcribed Rev, resulting in
the formation of inhibitory Rev-IN-DNA complex (IV) and a Rev-LEDGF/p75 complex (V).
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 transcribed from unintegrated viral DNA
(16,18). At a later period of infection, in-
creasing amounts of Rev-IN and Rev-
LEDGF/p75 complexes could be ob-
served with a concomitant decrease in
the IN-LEDGF/p75 complex, reaching a
phase where none of these complexes
could be detected in the PIC. This may
be due to the fact that most of the PIC
contents had already been translocated
into the nuclei of the infected cells. The
view that viral DNA  integration is con-
trolled by interaction of Rev with both
IN and LEDGF is further supported by
the experiments showing that almost no
integration is observed in LEDGF knock-
down cells infected with a WT HIV (3,4)
while as many as four  integrations/cell
were observed following infection of the
same cells with a ΔRev virus.

Our previous (11,16) and present re-
sults strongly suggest that the viral Rev
protein is an IN inhibitor that promotes
termination of the integration process
and/or prevents it. In addition, our in
vitro and co-IP experiments suggest that
the viral Rev protein may either interfere
with the IN-LEDGF/p75 interaction or
displace the LEDGF/p75 protein from
the already formed IN-LEDGF/p75 com-
plex by interacting with both IN and
LEDGF/p75. From the in vitro experi-
ments, it appears that the affinities of
LEDGF/p75 to IN and to Rev are almost
the same, exhibiting a Kd of about 20 nM
(see Figure 1B). This may indicate that in
the presence of high excess Rev, a Rev-
LEDGF/p75 and Rev-IN complexes,
rather than an IN-LEDGF/p75 complex,
are formed. The same domain mediates
binding of LEDGF/p75 to Rev and to IN
(Figure 5A, B), making Rev a potent
competitive inhibitor of IN-LEDGF/ p75
binding. Moreover, the Kd of the Rev-IN
interaction is 13 nM, almost the same as
the affinity of Rev to LEDGF/ p75 (19 nM).
However, the binding affinity of Rev to
the IN-LEDGF/p75 complex is relatively
high, with a Kd of about 7 nM, while the
affinity of LEDGF/p75 to the Rev-IN
complex is somewhat lower, showing a
Kd of 27 nM (Figure 2F), favoring the for-
mation of an inactive Rev-IN complex

once LEDGF/p75 is removed (see Fig-
ure 1B, Figure 5C). These results indicate
that relative amounts of these three part-
ners as well as time of their appearance
are crucial for their activity in regulating
integration of the viral DNA. Evidently,
detailed information regarding their in-
tracellular concentrations will allow a
better understanding of the above-
 mentioned interactions and regulation of
integration. A model summarizing our
view of the sequence of events leading to
limitation of HIV-1 cDNA integration
and of the involvement of LEDGF/p75
and Rev in regulating the integration
events is presented in Figure 5C. Also at-
tempts are currently being made in our
laboratory to obtain mutants of HIV-1
bearing which either fail to interact with
IN or with LEDGF/ p75, leaving all its
other biological activities intact. Such
virus will be of tremendous help for get-
ting a better understanding of the sug-
gested interplay between the Rev, IN and
LEDGF/p75 proteins.
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    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
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    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
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